. A curvilinear approach to the kinetic analysis of linoleate peroxidation in aqueous liposomes by 2,2'azobis(2-amidoinopropane) dihydrochloride.
A c c e p t e d M a n u s c r i p t 4 routine investigations, data from such a technique is processed using finite differences (an 1 approximation of the first derivative), which is then used to determine  max and the rate 2 constants for the reaction, as well as for the graphical determination of lag time (Fig. 1) . 3 Such approaches are useful and relatively straightforward, but approximating first derivatives 4 numerically is subject to a range of errors, particularly rounding and truncation errors and 5
where possible analytical expressions should be used (Morton & Mayer, 2005) . Since a 6 variety of autocatalytic reactions have been successfully modelled using sigmoid functions 7 (Herney-Ramireza et al., 2011), a similar approach may provide a more precise means of 8 determining the kinetic constants of lipid peroxidation. 9
10
Analysis of sigmoid curves can be approximated by composite methods (Leith et al., 11 1996) , but it is often more appropriate to use a curvilinear approach to ensure smooth 12 transitions from one stage to the next. Such curvilinear equations are referred to as sigmoid 13 functions, first proposed by Verhulst (Verhulst, 1839) , and later used by Prout and Tompkins 14 to describe the decomposition of potassium manganate(VII) (Brown & Glass, 1999) The 
18 in which the parameter a is the upper asymptote, b is a curvature constant and c is the point 19 of inflection at which the curvature changes from convex to concave, or vice versa. Despite 20 the considerable utility of such four-parameter sigmoid functions, the inherent symmetry 21 around the parameter c makes them unsuitable for more complex kinetic profiles. Richards 22 (Richards, 1959) introduced an additional curvature constant, d, to account for asymmetry: 23
Page 5 of 34 A c c e p t e d M a n u s c r i p t 5 The asymmetry described by Richards' equation is at the expense of an additional 1 parameter, which in terms of physicochemical or biological processes, has no actual 2 meaning, and is therefore difficult to estimate. An alternative approach, in which the 3 Richards' parameter d  0, was described by Gompertz (Gompertz, 1825) and contains only 4 three parameters: 2002) and the crystallization of fats (Foubert et al., 2003) . However, to the best of our 11 knowledge, this approach has not been applied to lipid peroxidation. A conceptually similar 12 method was reported by Molinari and co-workers in which splines were used to model 13 peroxidation of low density lipoprotein (Molinari et al., 2002) . This method was particularly 14 effective in evaluating the peroxidation of lipids, although the mathematics of the process is 15 likely to be less familiar to many researchers. 16
17
Evaluation of the kinetics of lipid peroxidation is a well-established field, and the rate 18 constants for many common substrate-oxidant systems have been well-characterised 19 (Antunes et al., 1996) . To achieve this, kinetic data can be evaluated using finite 20 differences, or by dedicated curve fitting software. Although this latter technique is 21 undoubtedly very accurate, we sought to model lipid peroxidation using empirical sigmoid 22 functions, establishing the curve fitting parameters using the Microsoft Excel Solver. This 23 approach does not require any specialised software, or programming skills, and provides a 24 fast, accurate means of evaluating kinetic data. In so doing, we propose an alternative 25 Page 6 of 34 A c c e p t e d M a n u s c r i p t 6 definition of lag time, as the time at which the change in the rate of peroxidation is maximal 1 (the maximum of the second derivative). 2 3
2.
Materials & Methods 4
Materials 5
All chemicals were of at least analytical grade and used as supplied by Sigma-Aldrich 6 (Poole, UK) unless otherwise stated. All aqueous solutions were prepared using Milli-Q 7 double-deionised water (resistance > 18 m/cm 2 ) (Millipore, Bedford, MA, USA) stored over 8
Chelex-100 resin. All absorbance measurements were made on a Shimadzu UV-visible 240 9 spectrophotometer (Antwerp, Belgium) attached to a PC for data acquisition. 10 11
Substrate Preparation 12
Linoleate liposomes were prepared weekly using a standard method (Surrey, 1964) The oxidation of linoleate was achieved by addition of 100 L of linoleate substrate to 2 850 L of PBS (0.05 M, pH 7.4) followed by 50 L of 40 mM AAPH in a semi-micro quartz 3 cuvette (final concentrations: linoleate, 1.6 mM; AAPH, 2 mM). Linoleate was also oxidised 4 in the presence of increasing concentrations of Trolox 1 (2  8 M). Since AAPH has a 5 relatively high absorbance under 260 nm, a second cuvette containing only oxidant and 6 buffer was prepared to correct for any absorption change due to the decomposition of the 7 azo compound. The progress of the oxidation was monitored by following the production of 8 conjugated dienes at 234 nm and 37 o C. 
Kinetic Analysis of Data 20
Raw data from all experiments was exported in ASCII format and parsed using 21 were initially evaluated to identify A max and the rate of oxidation was estimated using the 23 method of finite differences (Eqn. A3), which allowed identification of  max , t max and t lag using 24 conventional methods. Following these initial estimates, experimental data were fitted to 25 the curve fitting parameters for each (Bourg, 2005) . Further details of the curve fitting 2 procedure are available on request from the corresponding author. To determine selected 3 rate constants, a steady state (Rice-Herzfeld) approach was applied (Wright, 2004) , 4
according to the scheme depicted in Fig. 2 . 5 6
Statistical Analysis of Data 7
Non-parametrically distributed data were assessed by the Mann Whitney U test or by 8
Kendall rank-order correlation using the Statistics Package for Social Sciences (SPSS) for 9
Windows. Results are given as mean  standard deviation unless otherwise stated. P < 10 0.05 was considered as statistically significant. 11 12
3.
Results & discussion 13
Kinetics of AAPH decomposition 14
AAPH was selected as an initiator of peroxidation in order to obtain a constant and A c c e p t e d M a n u s c r i p t 9 simplifies kinetic analysis, as it permits a steady-state (Rice-Hertzfeld) treatment of the 1 system. Azo compounds readily undergo thermolysis to produce alkyl radicals which can 2 induce free radical or nucleophilic oxidation, the former through combination with molecular 3 oxygen to produce alkylperoxyl radicals. This goes some way to address the question of 4 biological relevance, as peroxyl radicals play a major role in oxidative stress in vivo 5 (Spiteller, 1998) . Recently, Werber and co-workers demonstrated that at low pH, thermal 6 decomposition of AAPH predominates (producing alkyl radicals), but at pH  7, hydrolysis 7 dominates, producing 2,2-azobis-(2-carbamoylpropane), which does not undergo thermal 8 decomposition to form alkyl radicals (Werber et al., 2011) . These findings may go some way 9 to explain the low phase-transfer efficiency reported for AAPH-mediated peroxidations 10 (typically 28 -55 %; Burton & Ingold, 1981) . 11 12
Kinetics of linoleate peroxidation 13
Data for our curve fitting procedure was generated by following the AAPH-mediated 14 peroxidation of aqueous linoleate liposomes ( Trolox) at  max 234 nm, correcting for UV 15 absorbance due to azo decomposition products. As expected, plots of absorbance vs. time 16
had an overall sigmoid appearance, with a dose-responsive increase in lag time with 17 increasing concentrations of Trolox (representative data is shown in Fig. 4) . Occasionally, at 18 0 M Trolox, there was an identifiable lag phase, inconsistent with the kinetic profile 19 expected with azo-initiators. This was due to autooxidation in some aliquots of linoleate, 20 subsequently confirmed by strong absorbance at 3400 cm -1 (hydroperoxides) and 1750 cm -1 21 (carbonyls) on FT-IR ATR spectra (Thermo Nicolet) (Vlachos et al., 2006) and by 22 measurement of the UV absorbance of the liposomes at 234 nm (data not shown). 23
24
The rate of chain initiation in the lipid phase was determined from the gradient of We selected linoleate as a substrate as its peroxidation is well-characterised, and the 8 final concentration of linoleate used (1.6 mM) would appear to be in keeping with that 9 expected in vivo (2 mM) (Glaser et al., 2010) , as well as observing the critical micelle 10 concentration of 1 mM (Fygle & Melo, 1996) . Admittedly, following the formation of 11 conjugated dienes at  max 234 nm is limited in terms of discriminating between the products 12 of oxidation. However, the high signal-to-noise ratio and potential for continuous monitoring 13 make this technique enduring. As a companion to this method, we followed the concomitant 14 formation of E,E-9-HPODE and E,E-13-HPODE by HPLC with chemiluminescent detection, 15 observing a close agreement between the two methods (R 2  0.91), as previously 16
highlighted by Bowry & Stocker (1993) . A superior companion to measurement of 17 conjugated dienes at  max 234 nm would be to adopt a mass spectrometry (MS) approach to 18 measure formation of diverse linoleate oxidation products (e.g. epoxy-and oxo-derivatives). particularly useful CIS-MS target is to follow the fragmentation of hydroperoxides through 23
Hock cleavage, which can be used to determine the involvement of specific intermediates in 24 lipid oxidation (e.g. bicyclic endoperoxides) [Yin et al., 2005] . 25 Page 11 of 34 A c c e p t e d M a n u s c r i p t 11 
Sigmoid models of linoleate peroxidation 1
We sought to determine whether a classic sigmoid function could adequately model 2 linoleate peroxidation, and whether such modelling could be determined without the aid of 3 dedicated curve-fitting software. To achieve this, kinetic data were exported to Microsoft 4
Excel and fitted to each of the three sigmoid functions described in section 1 (Eqns. 1 -3 ) 5
using the Solver add-in. Visual inspection of Fig. 6 shows that the curve predicted by the 6
Richards' function intersected each data point of the observed data, and easily 7 accommodated the asymmetry associated with lipid peroxidation curves. This was 8 supported by correlation analysis (observed vs. calculated) in which the Richards' equation 9
had a much stronger Kendall rank-order correlation coefficient (R 2  0.998; P < 0.005) than 10 other models ( Table 1) . 11 
12
The Microsoft Excel Solver evaluates curve fitting parameters using a GRG2 algorithm, 13
utilizing Newton-Raphson iterations to determine the root of the gradient of the function 14 (Flystra et al., 1998). A drawback to this procedure is that initial guesses for each parameter 15 must be provided. For the Prout-Tompkins and Gompertz functions, these parameters were 16 easily approximated from the respective equations (Eqns. A5 -A6). For the Richards' 17 function, the curve fitting parameters have no physicochemical meaning (other than a, the 18 maximum absorbance) and supplying initial guesses for these parameters was by trial and 19 error. Exemplar curve fitting parameters and curvilinear equations are given in Table 2 . 20
21
On the basis of these findings, the Richards' function (Eqn. 2) was partially 22
reparameterised (Eqn. 4) and differentiated with respect to time to provide an expression for 23 the rate of oxidation (Eqn. 5). 
1
To obtain the point of inflection, the second derivative was obtained (Eqn. A7), which equals 2 zero when t = t max and therefore has a first root equal to t max . Alternatively, t max was more 3 conveniently evaluated directly from the curve fitting parameters (Eqn. 
6
The absorbance at t max (A tmax ) was similarly determined from the curve fitting parameters 7 
12
We propose that the solution to Eqn. 8, the time () corresponding to the maximum of 13 the second derivative, is a suitable alternative definition of lag time (the x-intercept of a 14 tangent to  max ). The two parameters have common mathematical origins: lag time can be 15 considered to correspond to the rapid onset of peroxidation, which on a plot of d 2 A/dt 2 vs. t, 16
will have a maximum corresponding to lag time, and therefore . The relationship between 17 these two parameters is sufficiently strong (R 2 = 0.999) to make such a redefinition To validate our approach against existing methods, we evaluated a number of kinetic 1 parameters using established methods (finite differences, graphical determination of lag time 2 and classical steady-state equations 3 ) and Eqns. 4 -8. Results (Table 3) used to model haemolysis of red blood cells by AAPH (Tang & Liu, 2007) . In this current 16 investigation, the d-parameter appears to be critical, as it predicts the early exponential slope 17 marking progression from the initiation phase to the propagation phase. Given that our 18
proposed definition of lag time corresponds to the transition between these two phases, it is 19 crucial that this region of the peroxidation curve is modelled accurately. More generally, the 20 ability of the Richards' function to accommodate the asymmetry associated with kinetic 21 profiles of lipid peroxidation sets it apart from the other models investigated. That in mind, it 22
would be interesting to examine the association between the Richards' parameters and the 23 concentration of oxidant, as this latter factor can substantially alter the kinetic profile of lipid 
Further Evaluation of Equations 4 -8 2
To explore the wider applicability of Eqns. 4 -8, we applied the curve fitting process to The kinetic plot for VLDL oxidation (Figure 7A) was characterised by an initial dip in UV 8 absorbance, due to aggregation of the lipoproteins and subsequent Rayleigh scattering, 9
which the Richards' function could not model; however, this did not affect the determination 10 of the kinetic constants ( max = 1.36 nM s -1 ; t max = 182 min;  = 137 min). Similarly, the 11 decomposition phase for LDL ( Figure 7B modelled copper(II)-mediated lipoprotein peroxidation, and produced estimates of  max , t max 23 and lag time in agreement with those established in the literature (Schnitzer et al., 1995) .
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A c c e p t e d M a n u s c r i p t 15 Thus, the curve fitting procedure we propose would seem to have a wide applicability to a 1 variety of physicochemical studies. 2 3
Conclusion 4
We propose a model of lipid peroxidation based on a partial reparameterization of the 5
Richards five-parameter logistic function, which does not rely on numerical methods of 6 analysis, and can easily be performed using ubiquitous software such as Microsoft Excel. 7
This approach enables evaluation of  max , t max and lag time using only the four curve fitting 8 parameters a, b, c and d, and led to a redefinition of the commonly employed kinetic 9 measure lag time, generally regarded as the x-intercept of a tangent to  max , but what we 10 define as the time at which the second derivative is maximal. Overall, our approach is 11 simple and accurate, and is widely applicable not only to investigations of lipid/lipoprotein 12 oxidation, but more widely to any kinetic system exhibiting sigmoid reaction curves. introduction. Cambridge University Press, England. 25
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Inhibition Approximately halfway along the propagation slope,  max is attained, which has a corresponding value on the abscissa, t max ; t lag is evaluated as the x-intercept of a tangent to  max . B. A plot of the first derivative (dA/dt ) shows the rate of peroxidation as a function of time and has a maxima at  max . A plot of the second derivative (d 2 A/dt 2 ) shows the time dependency of the rate of peroxidation and has a maxima at  and a first root equal to t max . , which rapidly combine with O 2 to form alkylperoxyl radicals (AOO  ; k 2 = 1  10 9 M -1 s -1 ), subsequently combining with linoleate in the initiation phase of peroxidation, forming linoleate radicals (k 3 = 6  10 1 M -1 s -1 ). Linoleate radicals react with O 2 , forming linoleate peroxyl radicals (k 4 = 1  10 9 M -1 s -1 ), which can react with further linoleate molecules to form additional linoleate radicals (k 5 = 6  10 1 M -1 s -1 ). Alternatively, a termination reaction can occur through biradical quenching or through the action of a chain-breaking antioxidant, e.g. Trolox (k 7 = 2  10 7 M -1 s -1 ).
Fig. 3
Decomposition of AAPH at 37 o C. The first order loss of the azo chromophore was followed at  max 366 nm. The gradient of the graph = k 1 = 2.07  10 -6 s -1 . The first derivative can be approximated using so-called finite differences to determine the gradient of an adjacent secant line:
Equation (A2) is better approximated using the central difference approach, which smoothes the derivative at a particular point by taking into account the value on either side of the function:
An extension of this approach is to use the five-point formula, which smoothes the derivative by taking into account a greater number of points on either side of the point under consideration:
Determining Initial Guesses for the Curve Fitting Parameters for Equations 1 and 2
Equations 1 and 2 can be rearranged (Eqn. A5 and A6) to enable evaluation of the curvature constant for each value of A and t; the average b is then used as an initial guess for the Solver programme. 
